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^mixtures  were  carried  out  with  three  different  flame  arrestors.  Ihe  most  useful 
device  is  a rectangular  burner  with  a large  length- to-width  ratio,  Ihe  bunsen 
type  flames  were  quenched  by  squeezing  them  between  two  movable  blocks,  which 
were  made  from  different  materials  and  coated  with  catalysts  and  inhibitors. 

The  steady- state  condition  of  various  phases  of  the  quenching  process,  which 
this  device  can  produce,  has  made  spectroscopic  studies  possible,  . These  obser- 
vations revealed  that  nonequilibrium  states  are  formed  during  the  quenching 
process, j^The  effects  of  flame  speed,  Reynolds  number,  temperature,  catalysis, 
and  roughxless  of  the  flame  arrestor  have  been  studied.  Quenching  distances  have 
been  measured  for  methane-air,  methane-oxygen,  acetylene-air,  and  hydrogen-air 
mixtures,  with  blocks  of  copper  and  mica.  Third-gas  additives  to  these  mixtures 
have  been  used  to  detemiine  the  influence  of  the  chemical  composition  of  the 
combustible  gas  mixture  on  the  effectiveness  of  the  flame  arrestor.  Quenching  j 
distances  were  found  to  be  independent  of  the  shape  of  the  burner,  the  linear 
gas  speed,  and  the  Reynolds  number  of  the  unburned  gas.  However,  they  depend  on 
flame  speed,  flame  temperature,  and  the  xxature  and  material  of  the  quenching 
surface.  Preliminary  experiments  were  carried  out  to  determine  the  effect  of 
initial  gas  density  on  the  induction  distance  of  hydrogen-oxygen- third- gas  mix- 
tures. A new  apparatus  for  studying  the  effect  of  external  turbulence  on  the 
induction  distance  is  under  cons t3nict ion. 
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laSITION,  COdBUSTION,  DETONATION,  AND  QUENCaiING 
OF  REACTIVE  GAS  MDCTURES 


I.  DETONABILITY  OF  A ONE  MOLE  HYDROGEN-ONE  MOLE  BRCMtNE  MIXTURE 


A.  INTRODUCTION 

It  is  a generally  accepted  fact  that  in  ordinary  flames  of  liydrogen- 
bromine  mixtures  the  reaction  mechanism  is  that  of  a simple  straight  chain 
without  branching.  This  mechanism  has  been  established  for  many  years.^*^ 
Because  of  the  rather  slow  overall  reaction  rate  provided  by  an  unbranched 
chain  mechanism,  it  may  be  expected  that  a stable  detonation  wave  in  hy- 
drogen-bromine mixtures  does  not  exist.  All  mixtures  which  are  known  to 
detonate  involve  a chain-branching  mechanism.  The  study  of  the  flame 
propagation  rate  and  shock  ignition  of  hydrogen-bromine  mixtures  was  un- 
dertaken to  obtain  some  insight  into  the  detonability  of  low-energy  mix- 
tures and  to  gather  more  information  on  the  transition  from  deflagration 
to  detonation. 


B.  THEORETICAL  ANALYSIS 

1,  Calculation  of  the  State  of  the  Gas  Mixture  Behind  Normal  Shock  and 
Detonation  Waves  Passing  Throu^i  Hydrogen-Bromine  Mixtures 

The  detonation  speeds  and  the  pressures  behind  the  waves  were  calcu- 
lated for  a one  mole  hydrogen-one  mole  bromine  mixture  at  an  initial  tem- 
perature, Ti,  of  313  K and  an  initial  pressure,  pi,  of  one  atmosphere. 

The  calc\ilations  are  started  with  an  assumed  value  of  the  temperature  at 
the  tail  of  the  detonation  wave,  Tr»  for  which,  the  associated  pressure, 
Py,  was  obtained  from  the  Hugoniot  equation: 

pcalc  = p^[a(b  - 0.5)  - (c  - 0.5)  + ([a(b  - 0.5) 

- (c  - 0.5)P  + a)0-5]  , (1) 

These  calculations  Involve  on  iterative  procedure  because  the  mole  frac- 
tions, T)i  r,  on  the  right  hand  side  of  this  equation  depend  on  Pj.  which, 
therefore J like  the  temperature  has  to  be  estimated  so  that  the  mole  frac- 
tions of  the  detonated  mixture  can  bo  calculated.  The  iterations  were 
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continued  until 
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100 


Tjcalc  T)est 
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Dcalc 
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< e “ 0.1^  . 


(2) 


Then  with  several  compatible  pairs  of  Ty  and  p^  values,  the  wave  speeds 
were  calculated  according  to  the  expression 
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‘rCisr’fe 


(3) 


which  is  derived  from  the  continuity  and  momentum  equation.  For  ten5»era- 
tures  ranging  from  1506  to  3000  K the  results  of  these  calculations  are 
compiled  in  Table  I.  The  wave  speed  of  the  C.J.  detonation,  wf**^*,  can 
be  obtained  by  two  methods}  i.e.,  (l)  by  determining  the  minimum  of  the 
calculated  wave  speeds,  wt,  as  shown  in  Fig,  1,  which  represents  the  re- 
lationship between  Wj^  and  Ty}  and  (2)  from  the  condition  that 
\fO,J,  ^C,J, 

= 1,  where  Wy**^*  = w^**^*  • ■ is  the  wave  speed  relative 

a,r 

to  the  detonated  gas  and  w|*|^‘  is  the  equilibrium  speed  of  sound  in  this 
gasj  * 
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For  the  three  reactions  (j  or  i = 1,  2,  and  3)  governing  the  chemical 
equilibrium  of  hydrogen-bromine  mixtures  the  stoichiometric  mole  numbers 

or  and  the  ea^iressions  for  the  enthalpy  changes  or 

are  listed  in  Tables  II  and  III.  The  dimensionless  reduced  formation  en- 
thalpies were  calculated  by  means  of  the  following  defining  equation; 
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The  dimensionless  sensible  enthalpies  are  listed  In  Table  IV  and  dimen- 

vT 


sionless  specific  heatS)  are  tabulated  in  Table  V.  The  equilibrium 

constants  can  be  expressed  by  the  general  equation 
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Table  II.  Stoichiometric  mole  numbers  of  equilibrium  equations 
used  for  calculating  speed  of  sound 


Chemical  C!hange 


l/Ha  + 1/2  Bra  -»HBr 
l/Bra  -»  Br 
1/2  He  -»  H 


j or  i 


Table  III.  Enthalpy  changes  of  equilibrium  conditions  In 
reacting  hydrogen-bromlne  mixture 


/dH) 

1 ’ -( 

L Acn  1 

1 / /»fV  / /%\ 

-1/21^1  -1/21“) 

/AH) 

(2).T 

^9cr/ 

^su) 

HBr  V^/H2 

I i 

1 -1 

r 1 

L wr  i 

* (g) 

\«r> 

/AH) 

V«F) 

(3), I 

1 -1 

'Bt  '^/BTg 

/H.\^ 

- 3/2  (h) 

I 


Table  V.  Dimensionless  specific  heats, 
HBr,  Bra,  and  Br 


T 


I 


of 


HBr 

Bra 

Br 

4.3252 

4.6000 

2.7315 

4.3509 

4.6055 

2.7361 

4.3741 

4.6111 

2.7391 

4.3952 

4.6166 

2.7406 

4.4148 

4.6222 

2.74u 

4.4329 

4.6277 

2.7401 

4.4500 

4.6327 

2.7386 

4.4656 

4.6383 

2.7366 

4.4802 

4.6438 

2.7335 

4.4938 

4.6488 

2.7300 

4.5069 

4.6544 

2,7265 

j I 


I 


(1) 

where  a'‘^^(T),  a coefficient  which  depends  only  sli^tly  on  temperature, 
and  n^^^,  a constant  which  is  closely  related  to  but  may  be  select- 

ed arbitrarily  to  make  the  variation  of  a^^^  with  I as  aina.n  as  possible. 

The  coefficients  a^e  derived  from  the  rigorously  calculated  equi- 

libriiom  constants  which  have  been  ceLLculated  by  the  methods  of  statistical 
mechanics.  Thus  we  can  write  the  e3q)ressions  of  the  equilibrium  constants 
as  functions  of  temp  rature  in  the  following  forms: 


100 


4H),  ^ = .[.(«(,„)] 

. tO.5  . e-25982/T[atm0.5]  , 


T-Ti, 

100 


VT 

100 


(Br)  _ Pfir 

P - 

. tO.75  . .-Itt37.66/T[.t„0.5]  , ^ 


i-Tl 

100 


.(HBr) 

Kp 


PhBt 


\l%  * PfiTj 


100 


T-Tj, 

100 


(U) 


(12) 


The  coefficients  a^^^(T)  are  given  in  Table  VI,  The  temperature  Tj^ 
is  the  nearest  integer  multiple  of  100  below  the  temperature  T, 


Table  1 contains  also  the  Mach  numbers  based  on  the  frozen  eqioilib- 
rium  speed  of  sound}  i.e.. 


whore 


(lU) 
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Table  VI. 


Coefficients  a^^^(T)  for  calculating  equilibrium  constants 


1/2  Hg  H 

1/2  BTg  % Br 

1/2  Hg  + 1/2  BTg  % HBr 

tV 

.»)(!) 

a(HBr)(i) 

(K)  X 

uoo 

14.038 

2.8556 

2.9434 

1200 

14.342 

2.7608 

2.8665 

1300 

14.619 

2.6703 

2.7971 

l4oo 

14.853 

2.5911 

2.7390 

1500 

15.049 

2.5262 

2.69O8 

1600 

15.252 

2.4574 

2.6501 

1700 

15.428 

2.3995 

2.6094 

1800 

15.602 

2.3505 

2.5758 

1900 

15.757 

2.3031 

2.5414 

2000 

15.863 

2.2588 

2.5143 

2100 

16.002 

2.2168 

2,4892 

2200 

16.U9 

2.1780 

2,4656 

2300 

16.211 

2.1400 

2.4J477 

2400 

16.275 

2.1065 

2.4276 

2500 

16.351 

2.0772 

2.4i4o 

2600 

16.405 

2.0477 

2.3925 

2700  { 

16.451 

2.0194 

2.3820 

2800 

16.4^ 

1.9892 

2.3675 

2900  1 

16.543 

1.9682 

2.3508 

3000 

16.585 

1.9406 

2.3385 

0.5 

i 

0.75 

0 

25982  K 

U437.66  K. 

-6155.208  K 

^.l/T(%/iA)’’“°*^ 

Th-T 

T a abxy  T|^  ■ abOO 


Tjj  - Tl  + 100 


Th“T 

loo’ 


1 - O.xy 


T-Ti, 

100 


O.xy 


1 S a S 2 
0 S b S 9 
0 s X 5 9 
0 s y * 9 
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This  Mach  number  Is  not  1 for  the  C.J.  detonation  because  the  single  pulse 
rarefaction  wave  which  follows  the  tail  of  the  detonation  wave  cannot 
create  a nonequilibrium  state  in  this  chemically  reacting  gas  mixture 
which  is  assumed  to  be  in  complete  equilibrium  at  the  tail  of  the  C.J. 
detonation  wave.  This  fact  is  shown  in  Fig.  1 which  reveals  clearly  that 

C J 

the  of  the  W2^  versus  Tj.  curve  agrees  with  the  condition  M^^  ‘ = 1 

only  when  the  shifting  equilibrium  speed  of  sound  is  used. 


The  composition  (mole  fractions  j.)  of  the  detonated  gas  mixture 
was  calculated  by  using  in  addition  to  ihe  three  equilibria,  (Eqs.  11,  12, 
and  13)  the  condition  that  = 1. 


An  iterative  procedure  starting  with  an  estimate  of 
to  calculate  the.  mole  fraction  of  bromine  according  to  the  equation 

jj(HBr)  jj(Br)‘ 


• 


K 


2 

(HBr) 


-j  + ^ - \ 


+ K 


(Br) 


which  is  based  on  the  three  equilibrium  conditions  ( j » 1>  2,  and  3)  and 

the  fact  that  « 1.  The  dimensionless  equilibrium  constants  K' 

ani  are  obtained  by  dividing  those  given  Eq.  (ll)  and  Eq,  (12)  by 
the  square  root  of  the  estimated  pressure  Pp.  The  accuracy  of  the  esti- 
mated mole  fraction  of  molecular  hydrogen  is  determined  by  evaluating  the 
ratio  of  total  bromine  to  total  hydrogen  tdiieh,  in  the  present  case, 
should  be  1,  Hence  the  iterations  are  continued  with  adjusted  values  of 

^ untU 


100 


2 ’^Br 


2 ‘H 


1 


< 6 “ O.Ht  . 


The  equilibrium  mole  fractions  of  the  gas  mixture  at  the  tail  of  the  C.J. 
detonation  are  given  in  the  last  row  of  Table  VII  (also  Table  VIIl).  For 
each  of  the  calculated  detonation  wave  speeds  the  conditions  of  the 
stocked  but  unreacted  gas  were  calculated  by  finding  (by  an  iterative  pro- 
cedure) the  pressure  p^  firam  the  Uugonlot  equation  LEq.  (1)  ] with  assumed 
tmqperatures  Te>  where  now 
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4* 


The  accuracy  of  the  assumed  T2  vas  determined  by  calculating  the  wave 
speed  w£®^®; 


RlTi 


1 - ^ . El 

Ti  Pa 


(15> 


The  Iterations  were  continued  until 

.calc 


100 


w: 


< A a*  0.1^  . 


results  of  these  calculatiojas  are  included  in  Table  I. 

The  driver  gas  (helium  at  T4  = 300  K)  pressures)  p”*  *)  which  are  re- 
quired to  produce  non&al  shock  waves  of  various  strength  in  the  unreacted 
hydrogen-bromine  mixture  and  those  required  to  maintain  detonation  waves 
of  various  strength)  pf^^s  have  been  calculated  by  means  of  the  equation 


P4 


D 


- ILz-k 

2 


Jia-’ 
'^a 


[ 


1 - U3  • 3.2696  • 10' 


■1 


(16) 


where  po  « pa  «ud  U3  ■ ua  ■ i^^l  - ^ Tor  calculating  and 

P3  « Pj,  and  U3  « Uy  ■ Wj^^l  - ^ for  calculating  p^*^.  The  re- 

sults of  these  calculations  are  listed  in  Table  VIX.  When  ^e  {sressure 
of  the  shocked  but  unreacted  gas  mixture,  pa,  and  that  b^ind  the  detona- 
tion wave,  p^,  are  graphically  represented  as  functions  of  the  driver  gas 
pressure  (see  Fig.  3)  It  can  be  seen  readily  that  for  a e^ven  driver  gas 
pressure)  p4)  tiie  pressure  behind  a detonation  wave  py  is  hi^er  than  pa 
which  would  prevail  if  only  a nomal  shock  wave  In  a chsmlcally  inert  hy- 
drogen-bromine mixture  were  inroduced.  For  a given  wave  speed,  on  the 
other  hand,  the  pressure  at  the  tall  of  the  nomal  shock  wave  is  hl^er 
than  that  at  the  tail  of  the  detonation  wave  as  long  as  the  det<»ation 
wave  is  not  overdriven  to  such  an  extent  that  the  overall  chmaioal  change 
in  the  reaction  zone  beconea  endothermic.  In  this  case  the  flow  relative 
to  the  shock  wave  would  represent  a subsonic  flow  with  cooling  instead  of 
heating.  Similarly,  Fig.  3 shows  that  for  a given  driver  pressure  tue 
speed  of  a detonation  wave  is  much  greater  than  the  wave  speed  idiich  is 
attained  if  only  a nomal  shook  wave  is  produced  In  a chemically  inert 
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Pr««aur«a  btiiind  trraal  ehock  and  detonation  iiaves  aa  functions  of  driver  gas  pressure 


hydrogen-tromine  mixture.  According  to  the  preceding  considerations  it 
is  possible  to  use  pressure  and  wave  speed  measurements  to  determine 
whether  a detonation  wave  or  only  a normal  shock  wave  was  produced  in  a 
given  experiment  with  a certain  driver  gas  pressure.  Therefore  it  is  not 
necessary  to  make  measurements  of  the  emission  or  absorption  of  radiation 
of  some  of  the  reacting  species  behind  the  wave  to  ascertain  the  presence 
of  a detonation  wave. 

2.  Estimate  of  Effect  of  Intermolecular  Eorces  on  Shocked  Gas  State 

Since  the  real  gas  effects  of  hydrogen-bromine  mixtures  are  not 
kncnm,  initial  conditions  corresponding  as  closely  as  possible  to  those 
selected  for  the  hydrogen-bromine  mixture  were  used  for  the  real  gas  cal- 
cxilations  to  obtain  some  quantitative  data  on  the  real  gas  effects  on  the 
shocked  gas  parameters.  Carbon  dioxide  was  chosen  as  the  equivalent  real 
gas  because  its  critical  data  are  well  known  and  Berthelot ' s equation  was 
used  because  it.  is  more  realistic  than  the  Van  der  Waals  equation  of  state 
and  still  it  yields  a relatively  slrqjle  e3q)ression  of  the  real  gas  en- 
thalpy as  a function  of  temperature  and  pressure  (or  specific  volume) . 

The  critical  temperature  of  bromine  is  575.15  K,  whereas  that  of  car- 
bon dioxide  is  only  30^.25  K.  The  vapor  pressure  of  carbon  dioxide 
reaches  1 atm  at  19-’l.65  K.  At  pressures  below  that  of  the  triple  point 
(p  = 5.112  atm  with  T = 216.55  K)  carbon  dioxide  can  exist  only  in  the 
solid  phase  at  any  temperature.  To  make  sure  that  carbon  dioxide  i s in 
the  gaseous  state  the  calculations  of  the  shucked  gas  conditions  in  car- 
bon dioxide  were  made  for  an  initial  teinperature  of  200  K and  an  initial 
pressure  of  1 atm.  The  exact  value  of  the  critical  pressure  of  bromine 
is  not  known,  It  may  be  as  higb^  as  200  atm,  whereas  that  of  carbon  diox- 
ide is  only  73  9>tm.  In  spite  of  this  low  veilue  the  initial  pressure  was 
set  at  1 atm  to  obtain  an  upper  limit  of  the  real  gas  contribution.  The 
calculations  are  based  on  Berthelot 's  equation  of  state;  i.e.. 


and 

b*  • 3M3d6  • 10-*  [^]  . 

With  this  equation  the  reduced  sensible  enthalpy  as  a function  of  teo^er- 
ature  and  pressure  can  be  written  in  the  following  form: 


16 


+ 


(18) 


• /H-EoV 

\ gcE  y ~ V 9er  / 


TiP=0 


1 


The  first  term  on  the  ri^t  hand  side  of  this  equation  is  obtained  from 
tables  (such  as  Jannaf). 


According  to  the  energy  equation  for  a normal  shock  wave  the  pressure 
of  the  shocked  gas  is 


With  Ti  = 200  K and  pi  = 1 atm  we  obtain,  from  Eq.  (17), 
= 0.354554  [~],  so  that 


(19) 


^ n 0.95081 


The  shocked  gas  parameters  (pa,  Vg,  na)  are  calculated  for  given  values 
of  the  shocked  gas  temperature  Ts  by  an  Iterative  procedure.  With  an  as- 
sumed value  of  the  specific  volume  Va  (which  may  be  obtained  by  means  of 
the  thermally  perfect  gas  relationship)  the  shocked  gas  presswe  pa  is 
calculated  by  means  of  Eq.  (19)  and  Eq.  (17).  If  the  two  values  differ, 
the  calculations  are  repeated  with  properly  adjusted  values  of  Vq  until 


100 


(Eq.l9)  . .(Eq.l7) 
^2 


< O.l^t  . 


(20) 


After  a cooq;>atlble  set  of  pa,  Ua,  and  Ta  values  has  been  calculated 
the  wave  speed  is  obtained  from 


instead  of  Eq.  (3}>  and  the  speed  of  the  shocked  gas  fi'om 


(21) 


(22) 


finally,  the  helium  driver  gas  pressuie,  P4(T4  « 300  K) , is  calculated 
from  the  foUcwlng  equation: 
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(23) 


[l  - Ua  . 3.2696  • * 

The  results  of  these  calculations  are  compiled  in  Table  XVI  and  presented 
graphically  in  Figs.  12-16. 

3.  Calculation  of  Length  of  Reaction  Zone 

It  is  usually  assumed  (see  Ref.  1,  U,  and  5)  that  a stable  detonation 
wave  can  be  produced  in  an  exothermic  system  only  when,  in  the  flow  field 
behind  a normal  shock  wave  passing  throu^  this  mixture,  the  rate  of  en- 
ergy release  is  as  high  as  that  provided  by  a reaction  mechanism  involving 
chain  branching.  The  rates  provided  by  a simple  set  of  chain  reactions 
without  branching  are  considered  to  be  too  slow  for  maintaining  a stable 
wave.  However,  the  following  calculations  will  show  that  a stable  detona- 
tion wave  can  occur  in  a one  mole  hydrogen-one  mole  bromine  mixture  even 
if  the  reaction  mechanism  for  the  formation  of  hydrogen  bromide  involves 
only  a simple  chain  without  branching.  If  it  is  assumed  that  the  forma- 
tion of  hydrogen  bromide  behind  a shock  wave  passing  through  the  mixture 
occurs  according  to  the  mechanism  established  by  the  classical  theory  of 
reaction  rates  (Ref,  1 and  2),  the  rate  at  which  hydrogen  bromide  appears 
behind  the  shock  wave  is 


<^CHBr 

dt 


(mol/lit ‘s) 


(24) 


where  the  cj(chbj.>  etc.)  denote  the  concentrations  in  mol/lit.  This 

differential  equation  follows  f^om  the  set  of  reactions  tabulated  in  Table 
VIII  together  with  the  assumption  that 


dCH  dcgr 

dt  “ dt 


0 . 


The  k(J)  are  the  so-called  reaction  rate  constants  which  are  func- 
tions of  temperature.  According  to  eaqperlments  (Ref.  1)  the  reaction  rate 

constant  k^^^  is  given  by  the  following  equation; 


a 4.55  X 10^°  X (lit/mol*8)  . (25) 

The  ratio  of  to  k^^)  ggjj  expressed  terns  of  the  equilibrium  con- 
stant, , for  dissociating  molecular  bromine  as  long  as  the  assumption 
that  the  rate  of  atomic  bromine  formation  (reaction  (1)]  is  eqvuLL  to  the 
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Table  V Cl.  Reaction  mechanism  of  HBr  foimation 


Reaction 

Ninnber 

(J) 

Formnla  of  Reaction 

• 

Enthalpy  Change 
of  Reaction 
(j/kmol  X 10®) 

Rate  of  Reaction 

(1) 

Br^  + M = 2Br  + M 

- 189.2 

(Br)  = k^^^(Br2)(M) 

(2) 

Br  + Hg  = HBr  + H 

- 68.66 

(HBr)  = k^^\Br)(H2) 

(3) 

H + BTg  = HBr  + Br 

169.6 

(HBr)  = k^^^(H)(Br2) 

(4) 

H + HBr  = Hg  + Br 

68.66 

(Br)  = k^^\H)(HBr) 

(5) 

2Br  + M = BTg  + M 

189.2 

(BTg)  = k^5W)^(M) 

recombination  rate  of  atomic  bromine  [reaction  (5)]  applies  not  only  to 
near  equilibrium  conditions  but  also  to  all  other  conditions.  Hence  we 
can  write 


i with 

I 

i 

I 

I 


_ _ P 

ay  " giT  * * 


Since  reactions  (3)  and  (4)  are  quite  exothermic,  their, activation  ener- 
gies are  quite  small.  For  this  reason  the  ratio  is  practically 

Independent  of  temperature  and  according  to  experiments  we  have 

= 0.12  over  a moderate  range  of  temperatures.  When  in  the  rate 
expression  Eq.  (6)  some  of  the  concentrations  are  replaced  by  the  mole 

fractions  and  the  above  expressions  for  k^^^,  k^^^k^^^  are 

substituted,  we  obtain 


dt 


9,1  • 10^°  • e"®®^3/T  . jj(Br)  . pi. 5 . 


(9iT)* 


1 + 0.12  . 


'HBr 


'Br, 


2J 


where 


i 

f 

i 


i 


£R  = 0.082056  llt'atm/mol'K  . 

Upon  substitution  of  the  expression  for  the  equilibrium  constant,  Eq,  (12), 
and  solving  for  dt,  we  arrive  at 


dt 


r ’iHBrl 

1 + 0.12 

. t1.25  . e20300.66/T  . 

^BTo 

a— ...I, II  iSi 

1.35  • 10^2  • • p^-' 


(26) 


Since  the  shocked  and  reacting  gas  mixture  travels  relative  to  the  wave 
front  with  the  speed  w which  ranges  l^om  at  the  tall  of  the  shock  wave 
to  w«  at  the  tail  of  the  detonation  wave,  we  have,  using  the  continuity 
equation  and  the  equation  of  state. 
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and  thus  for  the  total  length  of  the  reaction  zone,  L^, 


Upon  substitution  of  Eq_.  (26)  into  this  e3q>ression  we  obtain 


1.35  • 10^^  • T. 


1 + 0.12 


^HBr 

Wo 


t2.25  . e2030O.66/T  . 


■HBr 


or 


dLr 

dciffir 


= 1.78  • 10"^ 


1 + 0.12 

. t2.25  . e20300.66/T 

% * V^‘ 

. a(®^^(T)  • p^»5 

(lit/inol*nim)  , (27 


since  » 930805(fflia/s),  Wli  = 80.924  (kg/lmol),  = l atm,  and 
Ti  = 313  K.  The  molecular  mass,  tW  » ETitMi,  is  a function  of  the  gas 
ccmposition  (see  Tables  IX  and  X),  Incremental  Increases  of  the  reaction 
zone  (Alip)  can  be  calculated  by  means  of  Eq.  (2?)  when,  for  the  progress 
of  the  reaction  which  can  be  expressed  in  terms  of  the  independent  vari- 
able  niiBj,*  the  corresponding  mole  fractions  of  hydrogen,  and  brcmine, 

’Ibto’  ^ given  composition  of  the  gas  the  corresponding 

temperature,  T,  and  pressure,  p,  are  calculated  by  means  of  the  Hugoniot 
relationship  [Eq,  (1)]  and  the  condition  that  the  wave  speed  [Eq,  (3)]  is 

'^ri'  ’ ?308O5(mm/s) . At  the  tail  of  the  normal  shock  wave,  at  which,  ac- 
cording to  the  assumption  made  in  this  analysis,  = n = n « 0 ^d 

HBr  'Br  'H 

® ’Igrg  = 0.5,  the  composition  of  the  gas  mixture  changes  from  its  non- 
equilibrium state  to  the  equilibrium  composition  at  the  end  of  the  reac- 
tion zone  (o  tail  of  detonation  wave) . Since  pressure  and  teinperature 
also  vary  and  the  reaction  zone  length  is  not  known,  it  is  not  possible 
to  calculate  the  ccanposition  anywhere  in  this  region.  However,  for  assum- 
ed profiles  of  the  atomic  bromine  and  atomic  hydrogen  mole  fraction  as 
functions  of  the  mole  fraction  of  hydrogen  bromide,  which  is  used  to  rep- 
resent the  progress  of  the  reaction,  it  is  possible  to  calculate  the 
length  of  the  reaction  zone  by  an  iteration  procedure  and  numerical  inte- 
gration. Using  the  simple  linear  relationships 


Table  IX.  Variation  of  propertlee  In  reaction  zone  of  stable  detonation  wave  ■ 930805  nm/sj; 

Profile  No.  1»  Ct  ■ nt  • ^ [nol/llt] 


“Ha 

°Bra 

“h 

“Br 

T 

P 

tn 

’’hbt 

’’Ha 

'’Bra 

’’h 

’’bt 

(K) 

(ata) 

(ks/kaca) 

(m) 

0.0 

0.10623 

0.10623 

0.0 

0.0 

0.0 

0.5 

0.5 

0.0 

0.0 

1319.6 

23.006 

80.924 

0.0 

0.01897 

0.08488 

0.08393 

5.6906*10"* 

1.8969*10"® 

0.1 

0.44748 

0.44249 

0.00003 

0.01 

1439 

22.398 

80.518 

0.06441 

0,03408 

0.06718 

0.06549 

1,0676-5 

3.40a-3 

0.2 

0.39496 

0.38499 

0.00006 

0.02 

1556 

a.7i9 

80.112 

0.09280 

0.04590 

0.05240 

O.O5OU 

1.3771-5 

4.5903-3 

0.'3 

0.34243 

0.32748 

0,00009 

0.03 

1671.3 

20.984 

79.707 

0.10629 

0.05513 

0.03995 

0.037a 

1.6538-5 

5.5188-3 

0.4 

0.28991 

0.26997 

0.00012 

0.04 

1784 

20.175 

79.301 

0.11378 

0.06198 

0.02942 

0.02633 

1.8593-5 

6.1977-3 

0.5 

0.23739 

0.21246 

0,00019 

0.05 

1893 

19.854 

78.895 

0.11884 

0.06668 

0,02054 

0.01722 

2.0001-5 

6.6669-3 

“ 

0.6 

0.13487 

0.15496 

0.00018 

0.06 

1997 

18.208 

78.489 

0,12294 

0.06893 

0.01303 

0.00960 

2.0679-5 

6.8931-3 

0.7 

0.13234 

0.09749 

o.oooa 

0.07 

2091 

16.896 

78.083 

0.12622 

0,06660 

0.00664 

0.00332 

1.9979-5 

6.6595-3 

0.8 

0.07908 

0.03994 

0.00024 

0.08 

2169 

14.816 

77.663 

0.13998 

o.oa59 

0.00361 

0.00056 

1.94U-5 

6.1087-3 

0.85673 

0.05019 

0,00704 

0.00027 

0.004^ 

a53 

12.701 

77.475 

0.73333 
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Tabl*  X.  V«rlatlon  of  propertlai  in  rMotion  zon*  of  atabl*  detonatloD  mv«  ■ 930809 

ProfU*  HO.  2,  oi  - m ^ Caea/Ut] 


°HBr 

®Bra 

I 

V 

m 

■ ’'hBt 

na. 

’'tea 

% 

’'bt 

(K) 

(atm) 

(k^/knol) 

(») 

0.0 

1.0623-1 

1.0623-1 

0.0 

0.0 

0.0 

0.5 

0.5 

0.0 

0.0 

1319.6 

23.006 

80.924 

0.0 

S.SlA-a  8.343-2  4.057-8  1.2613-5 

0.1  0.44998  0.44995  0.00000022  0.0000691  1464.7  22.286  80.921  0.05920 


3.265-2 

0.2 


4.337-2 

0.3 


5.148-2 

0.4 


5.725-2 

0.5 


6.125-2 

0.6 


6.395-2 

0.7 


6.530-2 

0.39995 


5.058-2 

0,34967 


3.857-2 

0.29965 


2.851-2 

0.24905 


2.015-2 

0.19741 


I.3O6-2 

0.14296 


6.528-2 

0.39986 


5.055-2 

0,34962 


3.848-2 

0.29896 


2.830-2 

0.24717 


1.963-2 

0,19230 


1,179-2 

0,12906 


6,718-2  6.791-3  3,617-3 
0.8  0.08086  0.04307 


9.7U-8  3.0692-5 

0.00000059  0.0001880  1606.2  a.517 


2.3377-7  7.3865-5 

0.00000162  0.0005109  1743.5  20.684 


5.6570-7  2.4309-4 

0.00000440  0.0018887  1874.0  19.792 


1.3679-6  4.3224-4 

0.00001195  0.0037753  1997.2  18.763 


3.3150-6  1.0496-3 

0.00003248  0.0102824  2102.6  17.6U 


8.0648-6  2.5485-3 

0.00006628  0.0278962  2174.0  16.297 


2.0152-5  6.3600-3 

0.00023997  0.0758296  a70.4  14.956 


80.916  0,07769 


80.904  0,08540 


80.908  0.08949 


80.771  0.09207 


80.509  0.09409 


79.792  0.09636 


77,846  0.ua09 


6.159-2  3.608-3  5.636-4 
0.85673  0,05019  0.00784 


1.94U-5  6.1067-3 

0.00026892  0.0849728  2153.0  12.701  77.475  0,77125 
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Tlfir  = 


and 


tIh  = 3 • 10-t) 


HBr 


for  the  range  0 S s 0,8  , 


we  obtain  for  a one  mole  hydrogen— one  mole  bromine  mixture 
Tjg  = 0.5  - 0.575075  • iljjgj.  t 0 s Tijjgy  s 0,8 


and 


life  “ °-5  - 0-525225lHBr  • ° ‘ IhBt  ‘ • 

These  relationships  were  chosen  to  produce  the  equilibrium  composition  at 
the  tail  of  detonation  wave  (Hug^.  = 0,85673)  as  closely  as  possible.  The 

equilibrium  mole  fractions  were  always  used  to  calculate  dL/dcjjgj.  at  the 
tail  of  the  wave. 

To  determine  the  influence  of  the  arbitrarily  selected  profiles  on 
the  length  of  the  reaction  zone  a second  profile  was  chosen  with  an  ea^o- 
nential  relationship  between  the  mole  fractions  of  the  atoms  and  t^jj) 
and  that  of  the  hydrogen  brcmide  as  follows: 


for  the  same  range  of  values  as 
^used  fop  profile  No,  1, 


With  these  relationships  we  obtain 

Vg  “ ‘ ’^HBr  " 3.819725  • 10"^  • e^°*’^HBrj 

and 

\ “ “ '*HBr  ■ 1-283975  • 10“^  • . 

The  cmi^sltion  profiles  obtained  with  these  relationships  are  tid)ttlated 
in  Tables  DC  and  X for  arbitrarily  selected  values  of  molecu> 

lar  mass  of  the  partially  reacted  gas  mixture  is  calculated  as 
tM  « 53  ’>1^1.  With  an  estimated  value  of  the  tenperature  T(T2  < T < Tj.) 
i 

the  corresponding  pressure  in  the  wave  is  calculated  according  to  the 


= 2,5438  • 10“^  • e^®*’’HBr 
and 

Tijj  = 8.05  • 10“®  • e^°*^HBr 
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can 


,calc 


Hugoniot  equation  [Eq.  (l)].  With  these  values  the  wave  speed 
be  calculated  according  to  Eq.  (3),  When  w£®^°  does  not  agree  with  that 
of  the  stable  detonation  wave  (w^**^*  = 930805  mm/s),  the  calculations  must 


be  repeated  with  an  adjusted  value  of  the  estimated  temperature,  T,  until 
satisfactory  agreement  is  reached.  After  the  correct  values  of  tW,  p,  and 
T have  been  calculated  for  a number  of  values  the  corresponding 


dl^/dcjjgj.  values  can  be  calculated  by  means  of  Eq.  (27).  The  length  of 
the  reaction  zone,  Lp,  is  then  calculated  by  means  of  the  following  sim- 
plified summation  process: 


(““'Ll  ■ 


(28) 


dim 

The  more  rigorous  numerical  integration  of  the  %Br  relationship 

dcjjgj. 

will  practically  lead  to  the  same  result  as  can  be  seen  in  Fig.  4.  Final- 
ly, to  make  sure  that  the  assumed  concentration  profiles  do  not  involve 
any  spontaneous  entropy  decreases,  the  corresponding  entropy  profiles 
throu^  the  wave  have  been  calculated  according  to  the  equation 


_s_ 

Ri 


- E ’lie’ll  * j » 


(29) 


where 


The  results  of  these  calculations  are  given  in  Tables  XI  and  XII  and  they 
are  shown  graphically  in  Figs.  5-7. 


The  themodynamic  functions  as  used  in  all  preceding  calculations 
have  been  derived  frata.  the  Jannaf  Tables  and  are  compiled  in  Tables  IV, 
V,  VI,  XIII,  and  XIV. 


C.  EXPERIMENTAL  INVESTIOATION 

1.  Description  of  Appara^  and  Experimental  Procedure 

Because  of  the  very  low  flame  speeds  of  hydrogen-bromine  mixtures 
(Kef.  3),  it  was  not  eiqpected  that  detonation  waves  in  hydrogen-bromine 
mixtures  can  be  established  by  simple  spark  ignition  leading  to  the  tean- 
sition  from  deflagration  to  detonation.  However,  a series  of  experiments 


25 


10 


i'Lg.  4 - Calculation  of  reaction  tone  length  (Profile  No.  1) 
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Table  XI.  Reaction  zone  length  and  entropy  variation  for  the  C.J.  det 
onation  wave  in  a 1 mole  hydrogen  - 1 mole  bromine  mixture; 
I ' Profile  No.  1 


’^HBr 

®EIBr 

(mole/lit) 

‘^^HBr 

(mm*mol/lit) 

(mm)  1 

S/Si 

0.0 

0.0 

4.6516 

— 

26.1437 

0.1 

1.8968-2 

2.1395 

0.06441 

26.9691 

0.2 

3.4021-2 

1.3974 

0.09280 

27.7105 

0.3 

4.5903-2 

0.87395 

0.10629 

28.i4o4 

0.4 

5,5127-2 

0.73694 

0,U372 

28.6058 

0.5 

6.1976-2 

0.75724 

0.11884 

29.0059 

0.6 

6.6676-2 

0.989a 

0,12294 

29.3424 

0.7 

i 6.8933-2 

[ 

1.91936 

0.12622 

29.a09 

0.8 

6.6596-2 

9.8533 

0.13998 

29.8274 

0.85673 

6.1592-2 

227.30 

0.73333 

29.8375 

Table  XII.  Reaction  zone  length  and  entropy  variation  for  the  C,J.  det> 
onatlon  wave  in  a 1 mole  hydrogen  - 1 mole  bromine  mixture; 
Profile  No.  2 


’^HBr 

%r 

(mole/lit) 

(sB&.mol/lit) 

(mm) 

s/\ 

0.0 

0.0 

4.6516 

— 

26.1437 

0.1 

1.854-2 

1.7382 

0.05920 

26.9435 

0.2 

3.265-2 

0.8833 

0.07769 

27.5486 

0.3 

4.337-2 

0.5551 

0.08540 

28.0557 

0.4 

5.148-2 

0.4523 

0.08949 

28.4867 

0.5 

5.725-2 

0.4445 

0.09207 

28.8619 

0.6 

6.125-2 

0.5686 

0.09409 

29.1942 

0.7 

6.395-2 

1.1071 

0.09636 

29.5024 

0.8 

6.718-2 

8.6206 

0.11209 

29.7889 

0.85673 

6.1592-2 

227.30 

0.77125 

29.8375 
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Table  XIII.  Dimensionless  entropies  of  Brsj  Br,  and 


T 

(K) 

Bra 

Br 

HBr 

1300 

36.1011 

24.7618 

29.2672 

i4oo 

36.4393 

24.9581 

29.5697 

1500 

36.7543 

25.1418 

29.8545 

1600 

37.0497 

25.3154 

30.1237 

1700 

37.3270 

25.4789 

30.379^ 

1800 

37.5891 

25.6339 

30.6224 

1900 

37.8377 

25.7809 

30.8539 

2000 

38.0732 

25.92O8 

31.0748 

2100 

38.2977 

26.0546 

31.2867 

2200 

38.5121 

26.1820 

31.4895 

Table  XIV. 

Ten5)erature  coeffi( 

:ients  c 

r/„p=ivi 

)f  entropies  of 

T 

Bra,  Br,  and  HBr, 

(V) 

L J 

i 

T 

(K) 

Bra 

Br 

HBr 

1300 

5.03494 

3.45348 

4.08183 

l4oo 

5.O3OU 

3.44524 

4.08183 

1500 

5.02573 

3.43785 

4.08226 

6100 

5.02181 

3.43131 

4.08304 

1700 

5.01815 

3.42433 

4.08414 

1800 

5.01487 

3.41989 

4.08542 

1900 

5.01188 

3.4i486 

4.08682 

2000 

5.00904 

3.41022 

4.08830 

2100 

5.00643 

3.40597 

4.08993 

2200 

5.00403 

3.40193 

4.09156 
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I was  carried  out  to  investigate  whether  there  is  at  least  an  indication  of 

j some  flame  acceleration.  These  experiments  are  rather  difficult  to  ex;e- 

cute  because  (1)  tfe  obtain  mixtures  containing  sufficient  bromine,  moder- 
; . ately  elevated  temperatures  have  to  be  used  because  of  the  low  vapor 

pressure  of  bromine  at  room  temperatures;  and  (2)  extremely  long  ducts  are 
required  to  obtain  conclusive  results  because  the  flame  propagation  rates 
of  hydrogen-bromine  mixtures  are  only  of  the  order  of  12  to  l4  cm/s  (Ref. 
3). 


A series  of  experiments  in  3 m long,  3 cm  I.D.  glass  tubes  clearly 
revealed  that  the  flames  of  these  mixtures  do  not  accelerate  measurably. 
Therefore  a shock  tube  of  stainless  steel  was  used  to  find  out  whether  a 
C.J.  detonation  can.  be  produced  in  hydrogen-bromine  mixtures  by  shock  ig- 
nition. Both  the  driver  and  the  driven  section  of  the  shock  tube  were 
6 m long  and  had  an  inside  diameter  of  7.5  cm.  Helium  was  used  as  the 
driver  gas.  A schematic  view  of  the  shock  tube  is  given  in  Fig.  8.  The 
hydrogen-bromine  mixture  was  produced  by  bubbling  hydrogen  gas  slowly 
throu^  liquid  bromine  contained  in  a glass  wash -bottle.  The  liquid  bro- 
mine was  held  at  a temperature  of  313  K because  at  this  temperature  the 
bromine  vapor  pressure  is  sufficiently  hi^  to  form  a 1 mole  bromine-1 
mole  hydrogen  mixture  in  the  gaseous  phase.  To  avoid  condensation  of  the 
bromine  vapor,  all  lines  and  the  driven  section  carrying  the  hydrogen- 
bromine  mixture  had  to  be  heated  to  313  K.  The  pressure  of  the  hydrogen- 
bromine  mixture  in  the  driven  gas  section  of  the  shock,  tube  was  one  at- 
mosphere in  all  experiments.  To  obtain  the  desired  driver  pressures  the 
strength  of  the  burst  diaphragms  was  properly  adjusted  by  using  various 
numbers  of  0,125  mm  thick  mylar  sheets.  It  would  have  been  preferable  to 
use  single  sheets  of  the  required  thickness  but,  unfortunately,  mylar 
sheets  of  the  right  strength  were  not  available. 

After  each  experiment  the  products  of  the  reacted  gas  mixture  leaving 
the  shock  tube  throu^  the  vent  line  were  inspected  carefully  for  the 
presence  of  unreacted  bromine.  At  the  driver  gas  pressures  employed  in 
these  experiments  the  reaction  products  never  contained  any  detectable 
quantity  of  bromine.  To  remove  the  hydrogen  bromide  from  the  shock  tube 
as  completely  as  possible  the  shock  tube  was  purged  with  dry  air  for  15 
minutes  and  then  evacuated  before  a fresh  mixture  of  hydrogen  and  bromine 
was  introduced.  The  results  of  all  measurements  are  compiled  in  Table  XV, 

2.  Instxumentation  and  Calibration 

The  wave  speeds,  and  the  pressures  behind  the  wave,  were  measured  by 
means  of  quartz  crystal  transducers  (Klstler)  which  were  mounted  in  such 
a manner  that  the  inner  wall  of  the  tube  remained  absolutely  smooth.  The 
output  of  the  transducers  was  displayed  on  the  screen  of  a Tektronic  type 
555  dual-beam  oscilloscope  and  the  traces  were  recorded  photographicaJJy 
on  Polaroid  paper.  The  pressure  transducers  were  calibrated  statically 
and  dynamically.  For  the  dynamic  tests  the  driven  section  of  the  shock 
tube  was  filled  with  nitrogen  at  1 atm  and  313  K.  The  results  of  this 
calibration  are  included  in  Figs.  Z and  3.  All  measurements  were  made  at 
two  locations  of  the  driven  section  of  the  shock  tube.  Several 
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Table  XV.  Presstores  behind  wave  and  wave  speeds  measured  in  the 
6 m long  driven  section  of  helium  driven  shook  tube 
(Ha  - Bra,  T = 313  K,  p = 1 atm) 


Pressure  of  Heli- 
um at  the  Instant 
of  Diaphrasn  Rup- 
ture 

Location  of 
Transducer 

Pressure  Behind 
Incident  Wave 

Pr 

(atm) 

Speed  of  Wave 

Wi 

(m/s) 

1 

53.10 

3 

16.00 

921.50 

2 

53.10 

3 

16.00 

851.30 

2 

17.34 

952.20 

3 

54.50 

3 

17.00  ' 

895.50 

2 

17.70 

895.50 

4 

53.80 

3 

17.31 

914.4o 

5 

54.85 

2 

12.85 

918.55 

3 

13.09 

918.55 

6 

52.80 

2 

12.85 

921.17 

1 

3 

••  13.26 

923.08 

7 

48.72 

2 

12.91 

921.17 

1 

3 

> 12.85 

909.09 

8 

48,72 

2 

12.85 

921.66 

9 

48.72 

2 

915.12 

3 . 

x2.85 

916.03 

10 

40.54 

2 

860.22 

3 ■ 

10.84 

827.59 

11 

40.54 

2. 

9.27 

827.13 

10.24 

845.07 

12 

35.76 

2 ' 

10.84 

806.45 

3 

11.35 

923.08 

13 

30.99 

2 

10.56 

878.97 

.3 

10.88 

887.57 

14 

29.63 

'2  ' 

8.65 

806.45 

3 

11.35 

923.08 

15 

29.63 

, 2 

9.17 

806.45 

3 

9.52 

833.33 

16 

28.27 

2 

8.49 

786.78 



' 3 

9.21 

810.81 
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experiments  were  made  for  each  driver  gas  pressure.  Two  typical  oscillo- 
graph traces  of  the  wave  speed  and  the  pressure  of  a stable  detonation 
wave  ar-;  shown  in  Figs.  9 aiid  10. 


D.  DISCUSSION  OF  EESUITS  AND  CONCLUSIONS 


Since  the  experimentally  determined  wave  speeds  and  the  pressures  be- 
hand  the  wave,  as  shown  in  Table  XV,  agree  quite  satisfactorily  with  the 
theoretical  values  shown  in  Table  I,  it  can  be  concluded  that  stable  det- 
onation waves  can  be  produced  in  hydrogen-bromine  mixtures.  That  the  ob- 
served wave  speeds  are  those  of  detonation  waves  and  not  of  normal  shock 
waves  propagating  throu^  the  vinreacted  hydrogen-bromine  mixture  follows 
from  a comparison  of  the  experimental  data  with  those  derived  from  the 
theoretlceO.  calculations  as  shown  in  Figs.  2 and  3.  According  to  Fig.  3* 
for  a driver  gas  pressure  of  53  atm  the  speed  of  a shock  wave  passing 
throxagh  an  unreacted  1 mole  hydrogen  - 1 mole  bromine  mixture  would  be 
793  m/s,  whereas  the  theoretical  speed  of  a detonation  wave  is  985  m/s  as 
long  as  no  attenuation  of  this  sli^tly  overdriven  wave  has  occurred.  In 
view  of  these  data  it  is  obvious  that  the  observed  wave  speed  of  915  m/s 
is  that  of  a detonation  wave.  At  a driver  pressure  of  30  atm  the  average 
value  of  the  observed  wave  speeds  is  in  even  better  agreement  with  the 
theoretically  calculated  speed  of  a detonation  wave.  It  is  generally  true 
for  all  detonable  mixtures  that  experimentally  determined  detonation  wave 
speeds  are  smaller  than  the  theoretical  values.  As  will  be  shown  below, 
the  reason  for  the  somewhat  larger  difference  between  experimental  and 
theoretical  values  in  hydrogen-bromine  mixtures  may  be  caused  by  the  slow 
rate  at  which  hydrogen  bromide  is  formed  at  the  tail  of  the  detonation 
wave.  Furthermore,  the  relatively  large  difference  between  measured  and 
theoretical  speed  of  the  hi^er  driver  gas  pressures  may  be  caused  by  an 
attenuation  of  the  wave  in  the  7.5  cm  I.D,  tube.  At  driver  pressures  near 
30  atm  some  experimentally  determined  wave  speeds  agree  quite  well  with 
the  theoretically  calculated  values,  althou£^  in  some  cases  the  measured 
values  are  quite  low  particularly  at  driver  pressures  below  30  atm.  This 

dlir  , 

behavior  may  be  due  to  the  rather  rapid  increase  of  (see  Fig.  11) 


at  the  tail  of  the  shock  wave  (tj. 


are  used. 


•HBr 

The  relationship  between 


= 0)  when  lower 
dl» 


dCHBr 

driver 


\dCHBr/ 


gas  pressures 


= 0 and  driver  gas  pres. 


^dCHBr/  'HBr 

sure,  p^,  is  shown  in  Fig,  11,  which  also  shows  the  relationship  between 
the  temperature  at  the  tail  of  a normal  shock  wave  passing  through  the 
hydrogen-bromine  mixture  (Tg)  and  the  driver  gas  pressure  (P4).  According 
to  these  calculations,  it  can  be  concluded  that  ignition  occurred  in  all 
experiments  since  driver  gas  pressures  lower  than  20  atm  have  not  been 
used.  However,  it  appears  quite  certain  that  the  large  values  of 

f ) TJ  o 0 at  these  low  driver  gas  pressures  prevent  the  formation 
V'^^HBr/  'HBr  o r 

of  a detonation  wave  In  the  mixture.  Finally,  the  fact  that  the  observed 
speeds  of  shock  waves  generated  in  nitrogen  are  also  approximately  5^ 


Detonation 
Wove  “ 


Oscilloscope  Setting : 

Sweep  Rote  =0.5  ms/div 
Vertical  Sensitivity = 20  mV/div 


Fig.  9 - A typical  oscilloscope  trace  of  a detonation  wave  traversing  a 
one  mole  hydrogen-one  mole  bromine  mixture.  Driver  gas  pressure 
P4  * 48.73  atm. 
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Detonation 

Wove- 


Reflected 

-Wove 


Oscilloscope  Setting: 

Sweep  Rote  = I ms/div 
Vertical  Sensitivity  = 20  mV/div 


Fig.  10  - A typical  oscllloBcope  trace  of  a detonation  wave  traversing  a 
one  mole  hydrogen-one  mole  bromine  mixture.  Driver  pressure 
P4  “ 52.80  atm. 
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Inverse  HBr  Concentration  Gradient  at  Tail  of  Normal 
Shock  Wove  os  a Function  of  Driver  Gas  Pressure 
and  Temperature  of  Shocked  Hx-Br^  Mixture. 


■Temperature 


Inverse  Concentration 
Gradient 


Tj^«5a2K 
ignition  Temperature 
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Fig.  11  - Inverse  HBr  concentration  gradient  at  tail  of  normal  shock  wave 
as  a function  of  driver  gas  pressure  aM  tonperature  of  shocked 
Hs-Brs  mixture 


lower  than  the  calciilated  values  (see  Fig.  3),  indicates  that  in  the  shock 
tube  used  for  these  experiments  the  measured  wave  speeds  are  always  some- 
what lower  than  the  theoretical  values. 

Althou£di,  as  shown  in  Fig.  2,  the  measured  pressiires  behind  shock 
waves  generated  in  nitrogen  agree  very  well  with  the  theoretical  values, 
a few  values  observed  in  hydrogen-bromine  mixtures  are  considerably  lower 
than  those  calculated  for  detonation  waves.  This  result  appears  to  indi- 
cate that  no  detonation  waves  were  present  in  these  experiments.  However, 
it  was  observed  that  the  pressure  transducers  were  extremely  erratic  after 
they  had  been  exposed  to  bromine.  Therefore,  it  was  impossible  to  obtain 
reliable  pressure  measurements  with  the  transducers  in  any  gas  mixture 
containing  bromine.  To  obtain  reliable  pressure  measurements  in  the  pres- 
ence of  bromine,  it  is  necessary  to  develop  transducers  which  are  not  af- 
fected by  oromlne.  Another  explanation  for  the  discrepancy  between 
measured  and  calculated  pressure  was  sou^t  in  the  use  of  the  thermally 
perfect  gas  equation  for  the  calcixlation  of  the  wave  speeds.  Unfortu- 
nately neither  the  van  der  Waals  constants,  a and  b,  nor  the  critical 
pressure  of  bromine  nor  any  other  equation  of  state  for  hydrogen-bromine 
mixtures  are  available  in  the  literature.  Therefore,  it  is  not  possible 
to  calculate  the  actual  pressure  behind  the  waves. 

To  obtain  an  approximate  insist  into  the  effect  of  the  intermolecu- 
lar  forces  on  the  normal  shock  wave  parameters,  calculations  of  both  wave 
speeds  and  the  pressures  behind  shock  waves  passing  throui^  carbon  diox- 
ide were  calculated  by  including  the  effect  of  pressure  on  enthalpy  as 
obtained  by  Berthelot's  equation  of  state  instead  of  using  pressure  inde- 
pendent enthalpies  and  the  equation  of  state  for  a thermally  perfect  gas. 
The  results  as  shown  in  Table  XVI  indicate  that  for  the  range  of  driver 
gas  pressures  used  the  inclusion  of  intermolecular  forces  increases  the 
shocked  gas  pressure  by  3^  but  reduces  the  wave  speeds  by  less  than  2^, 
According  to  these  results  the  observed  discrepancies  cannot  be  attributed 
to  the  real  gas  behavior  of  the  hydrogen-bromine  mixture. 

However,  support  for  the  observation  that  stable  detonation  waves  are 
produced  in  hydrogen-bromine  mixtures  comes  from  the  calculation  of  the 
reaction  zone  length  on  the  basis  of  the  simple  noxdjranching  chain  mech- 
anism. As  shown  in  Figs.  ^-7  the  arbitrarily  selected  ratio  of  the  hydro- 
gen bromide  mole  fraction  to  that  of  atomic  bromine  or  atomic  hydrogen 
(Profiles  1 and  2)  has  practically  no  influence  on  the  thickness  of  the 
reaction  zone  and  it  modifies  the  shapes  of  the  pressure  and  temperature 
profiles  in  the  reaction  zone  (Fig.  7}  only  silently.  Most  significant 
is  the  fact  that  the  formation  of  KBr  is  more  than  931^  complete  at  a dis- 
tance of  silently  less  than  0.1$  am  downstream  of  the  tail  of  the  normal 
shock  wave  and  that  the  length  required  to  establish  complete  equilibriur. 
is  only  0.7$  mm.  Sven  this  length  does  not  seem  to  be  too  long  and  must 
be  considered  to  be  quite  compatible  with  the  existence  of  a stable  det- 
onation wave  in  the  1 mole  hydrogen  « 1 mole  bromine  mixture . 
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Pig.  13  - Wave  speed,  wi.,  of  an  incident  normal  shock  wave  in  COb 

(p  * 1 atm,  Ti  = 200  K)  as  a function  of  driver  gas  (helium 
at  300  K)  pressure,  p* 
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Temperature 


Fig.  l4  • Deo^erature,  behind  an  ir aidant  normal  a^.ook  vave  in  COz 
(pi  o 1 atm,  « 200  K)  as  a function  of  Jriver  gas  (helium 
at  300  K)  pressure,  P4 
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Fig.  16  - Speed  of  gaa»  ua»  b^nd  an  incident  normal  shock  wave  in  CQg 
(pi  o 1 atm,  Xx  - 200  K)  as  a function  of  driver  gas  (helium 
at  300  K)  pressure,  pe 


II.  FLAME!  QUENCHING 


Experijnents  to  study  the  mechanism  of  flame  quenching  of  gaseous 
fuel-oxldlzer  mixtures  by  means  of  plastic  and  metallic  foams  were  started 
In  September,  1976.  Schematic  views  of  the  apparatus  used  for  these  ex- 
periments are  shown  in  Figs.  1?  and  18.  Four  different  foams,  as  supplied 
by  the  Air  Force  Aero-Propulslon  Laboratory  at  Wrlght-Patterson  Air  Force 
Base,  were  usedj  l.e.,  (l)  a blue  polyester  with  10  pores  per  Inch,  (2)  a 
red  polyester  with  20  pores  per  Inch,  (3)  an  orange  polyester  with  10 
pores  per  Inch,  and  (4)  an  E:q>losafe  aluminum  sponge  with  10  pores  per 
Inch. 


From  an  extensive  test  program  with  methane-air  flames  and  the  four 
materials  listed  above,  the  following  results  were  obtained: 

(1)  When  equal  thicknesses  of  the  quenching  foams  were  used,  alumi- 
num is  by  far  the  most  effective  quenching  material. 

(2)  Polyester  foam  with  20  pores  per  inch  is  more  effective  than  the 
identical  material  with  10  pores  per  inch.  To  be  as  effective 
In  quenching  methane-air  flames  as  the  20  pores  per  Inch  mate- 
rial, much  thicker  layers  of  the  10  pores  per  inch  polyester  had 
to  be  used. 

(3)  Temperature  measurements  made  with  Chromel-Alumel  thermocouples 
both  upstream  and  downstream  of  the  test  section  Indicate  that 
for  a completely  quenched  flame  the  temperature  of  the  gases 
^ust  downstream  of  the  teat  section  Is  decreased  to  room  ten^er- 
ature.  In  this  case  no  re-lgnltlon  of  the  downstream  reactant 
gas  mixture  takes  place.  However,  for  a partially  quenched 
flame  re-lgnition  always  occurred  downstream  of  the  arrestor  al- 
thou^  the  flame  gases  were  not  luminous  after  they  had  passed 
throu£^  the  quenching  material.  This  absence  of  radiation,  as 
observed  visually,  was  confirmed  later  by  hl^-speed  photo- 
graphs, shown  In  Fig.  19 . The  gas  temperature  of  the  partially 
quenched  flame  gases  was  of  the  order  of  700  K. 

(4)  Pressure  measurements  made  with  Klstler  Quartz  pressure  trans- 
ducers both  upstream  and  downstream  of  the  test  section  always 
showed  a moderate  decrease  in  pressure  across  the  arrestor. 

(9)  Flame  speed  measurements  made  with  Texart  Instruments  IS  400 
photo  diodes  indicate  that  for  higher  flame  speeds  thicker  lay- 
ers of  foam  are  needed  to  produce  complete  quenching  of  the 
flame. 

After  several  series  of  experiments  had  been  cotapleted  in  this  ippa- 
ratus  it  became  obvious  that  this  technique  was  not  producing  quantitative 
results.  An  investigation  of  flame  quenching  by  means  of  foams  has  the 
following  shortcomings: 
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High  speed  phonograph  (oOOO  fps)  of  quenched  CH4-air  flame  (uf  = 40  m/s) 


It  does  not  afford  an  insight  into  the  mechanism  of  flame  quenching. 
For  instance,  to  determine  the  role  of  heat  transfer  in  flame  quenching 
it  is  necessary  to  know  the  thermal  conductivity  of  the  foam  material 
which  is  not  available  for  these  foams.  To  vinder stand  the  role  played  by 
destruction  or  activation  of  radicals  at  the  foam  surface,  optical  spec- 
troscopy or  mass  spectrometiy  must  be  employed,  both  of  which  cannot  be 
used  with  foams.  Several  experiments  were  made  to  obtain  some  spectro- 
scopic record  during  the  quenching  process.  Whereas  a spectrogram  of  the 
flame  just  upstream  of  the  arrestor  can  be  obtained  quite  readily,  it  is 
Impossible  to  obtain  any  record  inside  the  foams  because  the  foams  decom- 
pose and  form  all  kinds  of  products.  Furthermore,  the  luminosity  of  the 
flame  is  reduced  to  such  a low  value  that  it  becomes  necessary  to  employ 
either  absorption  spectroscopy  or  to  use  a high-speed  prism  spectrograph 
with  low  resolving  power.  Mass  spectrometry  also  cannot  be  employed  very 
well  because  of  the  transient  nature  of  the  process. 

Since  the  principal  objective  of  the  flame  quenching  study  is  to  \m- 
derstand  the  mechanism  of  flame  quenching  so  that  an  effective  arrestor 
can  be  designed  without  the  need  of  an  extensive  test  program,  another  ap- 
proach was  explored. 

To  obtain  direct  visibility  of  the  quenching  process  for  spectro- 
scopic studies  and  for  a simple  observation  of  the  effect  of  wall  materi- 
al on  the  fate  of  active  centers  or  radicals,  a 33  cm  pyrex  glass  tube, 
divided  into  three  sections,  was  designed  and  constructed.  The  first  sec- 
tion of  the  tube  was  15  cm  long  and  had  an  I.D.  of  10  mmj  the  second  sec- 
tion consisted  of  an  8 cm-long,  2 nm-I.D.  pyrex  glass  caplUaryj  and  the 
third  section  was  again  a 10  cm  pyrex  glass  tube  having  an  inner  diameter 
of  10  mm.  The  tube  was  filled  with  a fuel-oxidizer  mixture  which  was  ig- 
nited with  a spark  at  one  end  of  the  vertically  mounted  tube.  In  princi- 
ple this  arrangement  made  it  possible  to  follow  the  quenching  process  of 
the  flame  along  the  entire  length  of  the  tube  and  to  obtain  photographic 
and  spectroscopic  records. 

Since  the  amount  of  heat  transferred  from  the  flame  to  the  glass  is 
very  small,  this  set-up  permits  a good  study  of  the  role  of  diffusion  and 
subsequent  destruction  of  various  radicals  at  the  walls  of  the  arrestor. 

Also,  flawing  gases  can  be  analyzed  in  this  manner.  Finally,  the 
contribution  of  the  effect  of  b\K>yanoy  on  flame  quenching  can  be  ascer- 
tained by  igniting  the  gas  mixture  either  at  the  top  or  the  bottom  end  of 
the  vertically  mounted  tube.  After  a brief  series  of  eoqperlments,  how- 
ever, it  became  apparent  rather  quickly  that  most  of  the  expectations  were 
not  fulfilled. 

Althoui^  the  2 mm  capillary  was  quite  effective  in  quenching  methane- 
air  flames,  the  light  mnitted  by  the  flame  was  too  weak  to  produce  a spec- 
troscopic record  even  with  a high-speed  prism  spectrograph.  To  obtain  a 
more  luminous  process  a methane-oxygen  flame  was  tried.  Although  no  det- 
onation occurred,  the  glass  tube  broke  into  many  pieces.  Apparently  the 
capillary  offered  too  ouch  resistance  to  the  rapidly  propagating  flame 
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j and  the  resulting  over-pressure,  together  with  the  thermal  stress,  caused 

I the  tube  to  disintegrate. 

I Because  of  these  difficulties  it  was  decided  to  design  an  apparatus 

which  would  make  the  quenching  process  stationary.  To  accomplish  this  ob- 
j j active  a rectangular  bvirner  with  a high  length- to-width  ratio  was  con- 

structed. On  each  long  side  of  the  burner  is  a planar  movable  block  of 
some  specially  selected  material.  Both  quenching  blocks  can  be  moved  sym- 
I metrically  to  squeeze  in  on  the  flame  until  it  is  quenched  [see  Figs. 

20(a),  20(b),  and  2l],  In  this  manner  any  phase  of  the  quenching  process 
can  be  maintained  for  indefinite  periods  so  that  long  expostire  times  for 
spectroscopic  photographs  become  available.  Two  different  size  burner 
tubes  were  used;  i,e,,  btirner  No.  1 [see  Fig.  20(a)]  with  a length- to- 

width  ratio  of  “ = m burner  No.  2 [see  Fig.  20(b)]  with 

~ = — = 7.8,  in  order  to  obtain  laminar  flames  with  fast  and  slow 

w o.j2  cm 

flames.  The  different  ratios  also  permit  an  assessment  of  the  effect  of 
the  unquenched  short  sides  of  the  rectangular  flame  on  the  observed 
quenching  distances. 

For  the  first  series  of  eaqperiments  the  quenching  blocks  were  made 
of  solid  copper  with  interiial  channels  for  water  cooling.  A copper- con- 
stant an  thermocouple  was  embedded  in  each  block  for  measiuring  their  sur- 
face temperatures.  Two  copper- constantan  thermocouples  were  also  used 
(a  pair  for  each  block)  to  measure  the  temperature  of  the  water  entering 
and  leaving  the  blocks.  The  output  of  these  six  thermocouples  was  re- 
corded on  a l4-channel  Honeywell  type  recorder.  In  all  experiments  the 
blocks  were  maintained  at  a constant  temperature  by  proper  adjustment  of 
the  flow  of  water.  The  two  copper  blocks  were  bolted  to  two  metal  plat- 
forms which  could  be  moved  inward  and  outward  with  the  help  of  a hand- 
operated  spindle.  !Qie  two  blocks  were  mounted  in  such  a fashion  that  they 
rested  on  the  burner  rim  when  they  approached  the  burner  tube  and  then 
could  be  moved  over  the  burner  rim  until  quenching  of  the  flame  was  com- 
plete. The  quenching  distances  wore  measured  with  a feeler  gauge  which 
had  an  accuracy  of  0.001  cm.  The  entire  assemibly  (i.e.,  blocks,  spindle, 
etc.)  was  in  turn  bolted  to  the  optical  bar  of  a 21-foot  grating  spectro- 
graph. A rectangular  opening  in  the  center  of  the  optical  bar  allowed  the 
burner  to  be  placed  In  the  center  betwemi  the  two  blocks  and  made  it  pos- 
sible to  focus  the  flame  on  the  slit  of  the  spectrograph.  The  burner  as- 
sembly could  also  be  mounted  on  the  optical  bar  of  a Hilger  & Watts  prism 
spectrograph  for  qualitative  work  with  moderate  resolution.  A photograph 
of  the  bxuner  and  quenching  blocks  is  shown  in  Fig.  21. 

[ With  this  design  of  the  apparatus  for  the  study  of  flame  quenching, 

the  following  aspects  of  the  quenching  process  have  been  studied: 

(l)  The  variation  of  species  concentration  and  flame  tenperature  as 
quenching  progresses  by  means  of  spectroscopic  measurements. 
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(2)  The  contribution  of  heat  transfer  to  quenching  effectiveness  by 
using  different  materials  for  the  quenching  blocks, 

(3)  The  behavior  of  different  fuel-oxidizer  mixtures. 

(4)  The  effects  of  flame  speed,  flame  temperature,  linear  speed  of 
the  unburned  gas,  and  Reynolds  number  on  the  quenching  distance. 

(5)  The  role  of  surface  catalysis  on  flame  quenching  by  tising  dif- 
ferent materials  for  the  quenching  blocks  or  by  applying  special 
surface  coatings. 

(6)  The  effect  of  initial  temperature  of  the  quenching  blocks  on 
the  quenching  distance. 

(7)  The  analysis  of  the  flame  gas  by  collecting  samples  of  the 
burned  gas. 

It  is  intended  to  use  the  e]q)erimental  results  for  the  development  of 
a theory  of  flame  quenching  \iMch  will  enable  the  designer  of  flame  ar- 
restors to  produce  a device  which  is  most  effective  for  the  particul- 1 
problem  on  hand. 

:Sxperimental  measurements  carried  out  so  far  have  yielded  the  fol- 
lowing results: 

(1)  The  quenching  distances  of  methane-air  flames  are  greatly  in- 
creased when  the  quenching  blocks  are  coated  with  chloro-brcmo- 
methane.  However,  coppar  blocks  produce  only  slightly  larger 
quenching  distances  than  blocks  of  mica  (see  Fig,  22). 

(2)  The  quenching  distances  of  methane-oxygen  flames  are  much  smal- 
ler than  those  of  methane-air  flames { they  exhibit  the  same 
behavior  toward  surface  coatings  and  materials  (see  Fig.  23). 

(3)  The  quenching  distences  of  hydrogen-air  flames  are  only  slightly 
larger  than  those  of  methane-cn^gen  flames.  However,  the  in- 
fluence of  surface  coating  and  material  Is  similar  to  that  on 
methane-fuel  flames  (see  Fig.  24). 

(4)  In  spite  of  the  lower  flame  speeds  of  aoetylene-alr  flames, 
their  quenching  distances  were  found  to  be  quite  similar  to 
those  of  hydrogen-air  flames  at  all  eolations  investigated  (see 
Fig.  25). 

(5)  The  effect  of  adding  ^nert  gases  to  the  combustible  gas  mixture 
has  been  investigated  for  hydrogen-oxygen  flames.  Ihe  results 
are  shown  in  Pigs.  26  and  27.  As  to  be  eaq^ected,  the  quendiing 
distances  increcse  with  increasing  Inert  gas  concentration. 
However,  there  is  hardly  any  difference  in  effect  between  argon, 
nitrogen,  and  carbon  dioxide  in  the  vicinity  of  the  aaxiimm 


distaaces  of  hydrogen-air  flames 


Quenching  distances  of  Cal^-aix  flames 


distances  of  taydirogen-axygen  flastes  with  varloiis  thlrd~gases 


energy  composition,  whereas  helium  addition  produces  a rather 
significant  increase  of  the  quenchint'  distance.  Since  helium 
is  much  more  effective  than  argon  it  is  obvious  that  the  high 
thermal  conductivity  of  helium  is  responsible  for  the  large  in- 
crease in  the  quenching  distance.  In  fuel-rich  flames  nitrogen 
produces  a greater  Increar.e  in  the  quenching  distance  than  ar- 
gon, whereas  the  reverse  is  true  for  lean  flames.  Also  helium 
and  nitrogen  produce  the  same  quenching  distance  in  lean  mix- 
tures having  55.6^  inert  gas.  More  experiments  are  needed  to 
understand  the  reason  lor  these  apparent  contradictions.  At 
this  point,  there  seemri  to  be  no  simple  correlation  between  any 
of  the  properties  of  the  various  gases  and  the  effect  on  the 
quenching.  The  only  outstanding  feature  is  the  hi^  thermal 
conductivity  of  helium  which  is  only  sli^tly  less  than  that  of 
hydrogen,  whereas  the  conductivities  of  the  other  gases  are  an 
order  of  magnitude  smedler;  cau'bon  dioxide  has  by  far  the  lowest 
conductivity.  On  the  other  hand,  the  flame  temperature  of  a 
hydrogen-oxygen-helium  (or  argon)  mixture  is  almost  500  K hi^ier 
than  that  of  a mixture  in  which  the  helium  is  replaced  by  car- 
bon dioKide,  Also  the  fl£me  speed  of  the  mixture  containing 
helium  is  considerably  higher  than  that  of  the  mixtures  contain- 
ing Na,  A,  or  CQa  (see  Figs.  28  and  29). 

(6)  Several  spectrograms  of  methane-air  flames  at  various  stages  of 
the  quenching  process  reveeded  a significant  change  in  the  cem- 
posltlon  and  temperature  of  the  combustion  gas.  However,  meas- 
urements of  the  rotational  Intensity  distributions  showed  that 
the  distribution  of  energy  in  the  rotational  mode  is  not  in 
equilibrium.  The  observed  rotational  tenperatures  of  the  par- 
tially quenched  flames  were  unrealistically  high;  e.g.,  6000  to 
11000  K (see  Figs.  30  and  31).  Moasxurements  made  with  themo- 
couples  indicated  that  the  temperatures  of  partially  quenched 
flames  are  actually  much  lower  than  the  normal  flame  tempera- 
tures. 

In  general  it  can  be  concluded  from  the  experiowntal  study  carried 
out  so  far  that: 

(1)  For  a given  ccediustlble  gas  mixture  the  quenching  distance  is 
independent  of  the  shape  of  the  burner,  the  linear  gas  speed  in 
the  burner  tube,  and  the  Reynolds  number  of  the  unburned  gas 
flow. 

(2)  The  quenching  distance  is  dependent  on  flame  speed,  flame  tem- 
perature, fuel-to-oxidiser  mass  ratio,  type  and  nature  of 
quenching  surface,  and  thermal  conductivity  of  burned  gas. 

(3)  The  effectiveness  of  surface  coatings  varies  greatly  from  one 
material  to  another.  It  appears  that  substances  which  are  good 
chain  breakers  are  most  effective. 
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Moior  Rotio  of  Hydrogen  to  Oxygen 


Fig.  26  - Measured  flsae  speeds  of  faydrogen-ooQrgen  mixtures  to  whldi  vsr- 
lous  i^ses  have  been  added  (total  amount  of  tMrd-gas  in  mix- 
ture is  6d,Ski) 


63 


Molar  Ratio  of  Hydrogen  to  Oxygen 


I Fig.  29  > Neasvured  flame  speeds  of  bydrogen-oxygea  mixtures  to  vhich  var* 

I iotts  gases  have  been  added  (total  amount  of  third-gas  in  mix* 

I tore  is  55.6l»1t) 
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V: 


ni.  TRANSITION  PROM  DEFIA(»ATION  TO  DETONATION 


Two  effects  on  the  transition  from  deflagration  to  detonation  are 
being  investigated}  i.e.,  (1)  the  effect  of  iixitial  gas  density,  and  (2) 
the  effect  of  turbulence.  To  assess  the  contributions  of  the  various 
properties  of  the  combustible  gas  mixtures  first  the  flame  speeds  were 
measured  for  the  following  mixtures;  Ifa  + l/2  Qa  + X where  X = He,  A, 
Na,  or  COg.  The  measurements  were  made  at  an  Inltied  temperature  of 
298  K and  an  initial  presstire  of  1 atm.  The  results  are  shown  in  the  ta- 
ble below,  together  with  the  calculated  flame  temperatures  and  C.J.  det> 
onatlon  speeds. 


X 

u^(m/8) 

Vk) 

He 

4.52 

2840 

3324 

A 

3.98 

2^ 

2049 

COb 

1.95 

2362 

1702 

3.40 

2708 

2092 

Then  an  acteiisive  swies  of  experlxbents  to  determine  the  detonation 
induction  distances  of  ^ese  mixtures  at  various  initial  conditions  was 
started.  To  obtain  these  distances  the  presstures  behind  the  flames  and 
their  propagation  rates  w«re  determined  at  various  locations  in  the  det- 
onation tube.  Results  obtained  so  far  for  Ns,  He,  and  A indicate  that 
the  induction  distances  do  not  seem  to  vary  beyond  the  accuracy  of  these 
measurements.  The  measured  induction  distances  for  these  three  mixtures 
range  Sx<m  1.5  to  2.0  m. 

The  effect  of  tvorbulence  on  the  Induction  distance  was  studied  in  a 
detonation  tube  in  which  the  combustible  mixture  Just  prior  to  ignition 
was  agitated  by  a small  fan  near  the  ignitor.  The  fan  was  turned  off  be- 
fore ignition.  The  measurements  of  the  ixuluction  distances  do  not  indi- 
cate a noticeable  decrease  due  to  turbulence.  However,  it  appears  that 
Uie  small  fan  did  not  agitate  ^e  gas  sufficiently  and  most  likely  set 
only  the  gas  near  the  i^xitor  in  motion.  Therefore,  a different  iqpproaoh 
will  be  used  for  the  study  of  the  effect  of  turbulmacej  an  open-ended  tdbe 
will  be  used  throu^d^  which  the  combustible  gases  flow  as  the  combustion 
wave  travels  (with  or  against  the  flow)  through  the  mixture. 
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